ABSTRACT X-linked hypophosphatemia (XLH) is a disease caused by abnormally elevated FGF23 levels, which cause persistent hypophosphatemia accompanied by subsequent reduction in bone mineralization that presents as rickets or osteomalacia. Burosumab is a fully human monoclonal antibody targeting FGF23 that is under development for the treatment of FGF23-related hypophosphatemia including XLH. The safety, tolerability, and proof of concept of burosumab have been evaluated in patients with XLH in previous studies conducted in countries outside of Asia. The objective of this study was to evaluate the safety, tolerability, pharmacokinetics (PK), pharmacodynamics (PD), and expression of anti-drug antibodies in Japanese and Korean adults with XLH. This was a multicenter, sequential dose-escalation, open-label, single-dose study. This study began with cohort 1 (s.c. dose of burosumab 0.3 mg/kg), after which the dose was escalated sequentially in cohort 2 (s.c. dose of burosumab 0.6 mg/kg) and cohort 3 (s.c. dose of burosumab 1.0 mg/kg). The PK of burosumab were linear within the dose range of 0.3 to 1.0 mg/kg. The PD effects such as serum phosphorus concentration, serum 1,25[OH] 2 D 3 concentration, and ratio of tubular maximum reabsorption rate of phosphate to glomerular filtration rate (TmP/GFR) were elevated after a single s.c. administration. The area under the receiveroperating characteristic curve from 0 to t (AUC 0-t ) values calculated using the change from baseline values of serum phosphorus, serum 1,25(OH) 2 D 3 , and TmP/GFR were correlated with the AUC 0-t of burosumab. Furthermore, no serious adverse events (AEs), deaths, remarkable increase or decrease in the corrected calcium or intact PTH levels, or signs of nephrocalcinosis or its worsening were observed after treatment. Some AEs and drug-related AEs were observed; however, there were no clinically meaningful tendencies. The positive effects and acceptable safety profile seen in this study are encouraging for Japanese and Korean patients with XLH. 
Introduction X -linked hypophosphatemia (XLH) is a congenital disease characterized by high levels of circulating FGF23, which are caused by loss-of-function mutations in the PHEX gene.
(1) FGF23 decreases phosphorus (P) reabsorption in the kidney by decreasing the expression of the sodium-dependent inorganic phosphate transporter type IIa/c (NaPi-IIa/c) in the renal proximal tubule. (2) Furthermore, FGF23 decreases serum 1,25 [OH] 2 D 3 levels by suppressing 1a-hydroxylase expression and promoting the expression of 24-hydroxylase, and it decreases intestinal absorption of P. (3, 4) FGF23 plays an important role in maintaining phosphate homeostasis by these mechanisms, and its production adjusts according to serum P levels. (5, 6) In XLH, excess FGF23 leads to a decrease in serum P levels below the normal range, resulting in deficient bone mineralization from the early postnatal period. (3, 4) As a consequence, bowed long bones such as knock-knee, genu valgum, and ossification disorder of the growth plate occur, (1, 7) and normal growth is impaired in childhood. Patients with XLH are known to have an abnormal gait and bone pain due to bone deformity and loading, respectively, no age-appropriate exercise capacity, and frequent dental abscesses.
(1) Because hypophosphatemia, osteomalacia, and lower-limb deformity persist in adulthood, patients can have bone pain, increased fracture or microfracture risk, dysarthrosis, arthralgia, muscular weakness, and enthesopathy, which affect walking, working, or both. (1, (8) (9) (10) Therefore, XLH markedly decreases the overall lifetime quality of life (QOL). (1, 11) The current therapy for XLH is supplemental treatment with oral phosphate and active vitamin D formulation. Because of high FGF23 levels, excessive urinary phosphate excretion, and decreased vitamin D activation, frequent administration of high-dose oral phosphate is required to maintain serum P levels close to the normal range. (1, 12) However, taking oral phosphate frequently and at a high dose may lead to gastrointestinal symptoms such as abdominal pain and diarrhea or, in the case of long-term use, secondary hyperparathyroidism. (13) Similarly, administration of excess active vitamin D formulations causes hypercalcemia, hypercalciuria, or both, which can result in ectopic, mainly renal, calcification. (13) The dosage of oral phosphate and active vitamin D formulation is currently limited because of concern about possible adverse reactions, making it difficult to maintain serum P levels within the normal range preferred for treatment. (7, 11) Therefore, the current therapy has limited beneficial effects in improving the final height, bone symptoms, or both, and adverse reactions including renal calcification, secondary hyperparathyroidism, and ossification of ligaments occur with long-term use despite the limited dose. (11, 13) Consequently, a new treatment strategy is required that would not lead to rapid changes in serum P and calcium (Ca) levels or cause adverse events (AEs) associated with current therapy and that can maintain serum P levels within a normal range.
Burosumab is a recombinant fully human monoclonal antibody (immunoglobulin G1) that directly binds to FGF23 and blocks the intracellular signaling caused by the FGF23/Klotho/FGF receptor 1 (FGFR1) complex. (14) Burosumab neutralizes the action of FGF23 that causes hypophosphatemia in XLH and thereby normalizes P reabsorption in the kidney. (15, 16) Furthermore, its intestinal absorption is associated with increased 1,25(OH) 2 D 3 levels, which may improve chronic hypophosphatemia. (15, 16) Clinical studies conducted in the United States and Canada have evaluated the safety and tolerability of single and repeated (28-day intervals) s.c. doses of burosumab up to 1.0 mg/kg in adult patients with XLH. (15, 16) The studies demonstrated that burosumab continuously increased serum P levels and the ratio of tubular maximum reabsorption rate of phosphate to glomerular filtration rate (TmP/GFR) without significantly affecting the urinary excretion of Ca or vitamin D metabolism, thus confirming the proof of concept of burosumab in patients with XLH. (15, 16) However, burosumab has not been administered to Asian patients, and its safety and tolerability in these patients are unknown.
Therefore, in this study, we evaluated the safety and tolerability of single s.c. doses of burosumab 0.3, 0.6, or 1.0 mg/kg in Japanese and Korean patients with XLH. We also evaluated the pharmacokinetics (PK), pharmacodynamics (PD), and expression of anti-drug antibodies as secondary endpoints.
Patients and Methods

Patients
Japanese and Korean patients were enrolled after providing their informed consent. The key inclusion criteria were age !18 years and diagnosis of XLH. The key exclusion criteria included: active infection or chronic inflammatory disease; uncontrolled hypertension; uncontrolled diabetes mellitus; history of known immunodeficiency; use of a pharmacological vitamin D metabolite or its analogs within 21 days prior to and after screening; use of phosphate, Ca preparation, calcimimetics, aluminum hydroxide antacids, thiazide diuretic, acetazolamide, or phosphate-, Ca-, and/or vitamin D-containing supplements within 10 days prior to and after screening; and women who were pregnant, possibly pregnant, lactating, or who had no intention of using adequate contraception.
Study design
This was a multicenter, sequential dose-escalation, open-label, single-dose study (Fig. 1 ). The investigators screened the patients after obtaining their informed consent. Eligible patients were enrolled and received a single s.c. dose of burosumab on day 1. Cohort 1 received burosumab 0.3 mg/kg, cohort 2 received burosumab 0.6 mg/kg, and cohort 3 received burosumab 1.0 mg/kg. After the fifth patient in each cohort was examined on day 29, the data monitoring committee reviewed the safety data and determined whether it was appropriate to advance to the next cohort.
Study assessments
The following measurements were taken in each patient: height and weight, vital signs, hematology, blood chemistry (including P, 1,25[OH] 2 D 3 , intact PTH [iPTH], corrected serum Ca, creatinine [Cr] , serum 25OHD, calcitonin, and alkaline phosphatase [ALP]), urinalysis, 2-hour urinary parameters (urinary P, Ca, and Cr), 24-hour urine analysis (urinary P, Ca, and Cr), 12-lead electrocardiography (ECG), renal ultrasound (graded from grade 0 to grade 4), chest X-ray, pregnancy test (except for patients with no childbearing potential), serology, intact FGF23 (iFGF23), serum FGF23 concentrations, serum burosumab concentration, and anti-drug antibodies. AEs were categorized by relationship to burosumab treatment.
Sample analysis
Measurement of 1,25(OH) 2 D 3 , iPTH, 25OHD, calcitonin, 2-hour and 24-hour urine collections, and iFGF23 was performed by SRL Medisearch Inc (Tokyo, Japan). Serum burosumab, serum FGF23, and anti-drug antibodies were measured by Toray Research Center, Inc. (Kanagawa, Japan). Serum burosumab concentrations were measured using a validated sandwich electrochemiluminescence (ECL)-based ligand binding assay (data on file), which used an anti-drug idiotype capture antibody and a ruthenylated anti-drug detection antibody (both manufactured by Kyowa Hakko Kirin Co., Ltd., Tokyo, Japan). ECL signals were measured, and burosumab concentrations were calculated. The calibration range was 50 to 10,000 ng/mL, and the lower limit of quantification was 50 ng/mL. The assay accuracy (relative error) and precision (coefficient of variation for the mean) were within the acceptable range (< AE20%). The relative error of 10 individual human serum samples spiked with 50 ng/mL burosumab was within the acceptable range (< AE25%), whereas all unspiked individual samples yielded concentrations below the lower limit of quantification (50 ng/mL), confirming the selectivity of the assay. The anti-drug antibodies were assayed using a validated ECL-based ligand-binding assay. A sequential screening algorithm was used as an initial screening assay, and subsequent immunodepletion and neutralizing assays were performed. Testing only proceeded to the subsequent assay step if the earlier assay was positive.
Study approval
This study was conducted in accordance with the principles of the Declaration of Helsinki, and in compliance with the standards and guidelines of Japan and Korea. This study was approved by the institutional review boards of each participating institution. Written informed consent was received from all patients prior to their inclusion.
Results
Patient characteristics
Eighteen adult patients with XLH were enrolled in the study, consisting of six, five, and seven patients in cohorts 1, 2, and 3, respectively (Table 1, Fig. 2 ). No patient withdrew after administration of burosumab, and all enrolled patients underwent a complete follow-up and analysis. Prior to dosing, the median (minimum-maximum) serum P concentration was 1.85 (1.0-2.4) mg/dL. The median TmP/GFR was 1.56 (0.6-2.0) mg/dL, and all values were below the lower limit of the reference range. (9) The median serum 1,25(OH) 2 D 3 concentration was 52.65 (11.8-71.9) pg/mL. In contrast, the iFGF23 concentrations were highly variable and ranged from 36.9 to 1260.0 pg/mL across cohorts.
PK analysis
After a single s.c. administration of burosumab at doses of 0.3, 0.6, or 1.0 mg/kg, the serum burosumab concentrations increased dose-dependently (Fig. 3A) . The median time to achieve the maximum drug concentration (T max ) was 166 or 167 hours for all three doses (Table 2) . Serum burosumab was eliminated with a mean AE SD t 1/2 of 289 AE 121 hours in cohort 1, 315 AE 131 hours in cohort 2, and 336 AE 85 hours in cohort 3, which was approximately equivalent to 12 to 14 days ( Table 2) . The maximum drug concentration (C max ) and area under the receiver-operating characteristic curve from 0 to infinity (AUC 0-1 ) increased dose-dependently in the dose range 0.3 to 1.0 mg/kg (Table 2 ; Fig. 3B , C).
Serum P, serum 1,25(OH) 2 D 3 , and TmP/GFR Serum P concentrations, serum 1,25(OH) 2 D 3 concentrations, and TmP/GFR increased after burosumab administration in all cohorts (Fig. 4) . The maximum (mean AE SD) concentration of serum P occurred between day 5 and day 15 and was 2.57 AE 0.31 mg/dL on day 5 in cohort 1, 2.86 AE 0.85 mg/dL on day 15 in cohort 2, and 2.66 AE 0.63 mg/dL on day 15 in cohort 3 (Fig. 4A) . Although no clear dose-response relationship was observed, the maximum serum P concentrations were higher in cohorts 2 and 3 than in cohort 1, and the maximum change from baseline increased dose-dependently (Fig. 4B) . The maximum 1,25(OH) 2 D 3 concentration occurred between day 3 and day 5 and was 137.58 AE 46.30 pg/mL on day 3 in cohort 1, 133.00 AE 38.18 pg/ mL on day 3 in cohort 2, and 123.04 AE 62.21 pg/mL on day 5 in cohort 3 (Fig. 4C) . The maximum TmP/GFR values occurred between day 5 and day 15 and were 2.5637 AE 0.5637 mg/dL on day 5 in cohort 1, 2.7950 AE 0.7599 mg/dL on day 8 in cohort 2, and 2.6196 AE 0.8064 mg/dL on day 15 in cohort 3 (Fig. 4D) . After reaching maximum levels, serum P, serum 1,25(OH) 2 D 3 , and TmP/ GFR gradually decreased, returning to approximately baseline levels by day 50 (Fig. 4) . 
Other biochemical outcomes
Corrected Ca and iPTH concentrations did not indicate a clear increase or decrease after administration of burosumab (Fig. 5A,  B, respectively) . There was also no clear change in the urinary Ca concentration, total urinary Ca, 25OHD, and other parameters (data not shown).
PK/PD analysis
The AUC from 0 to t (AUC 0-t ) of serum P, serum 1,25(OH) 2 D 3 , and TmP/GFR increased with increasing AUC 0-t of serum burosumab, with r values of 0.6148, 0.7241, and 0.6686, respectively (Fig. 6A-C) .
Safety
Overall, 14 of the 18 patients (78%) experienced AEs, as follows: four of six patients (67%) in cohort 1, four of five patients (80%) in cohort 2, and six of seven patients (86%) in cohort 3. The most common AEs were nasopharyngitis (five patients, 28%), upper respiratory tract infection (four patients, 22%), contusion (three patients, 17%), headache (three patients, 17%), and back pain (two patients, 11%). Overall, five of the 18 patients (28%) experienced drug-related AEs, as follows: three of six patients (50%) in cohort 1 and two of seven patients (29%) in cohort 3; no drug-related AEs occurred in cohort 2. The reported drug-related AEs were nausea, feeling hot, pyrexia, back pain, t max is shown as median (minimum-maximum), and other PK parameters are shown as mean AE SD. PK ¼ pharmacokinetic; n ¼ number of subjects used for descriptive statistics of each PK parameter; t max ¼ time to maximum drug concentration; C max ¼ maximum drug concentration; AUC 0-1 ¼ area under the receiver-operating characteristic curve from 0 to infinity. a n ¼ 5. abnormal white blood cell count, and headache, in one patient each. All AEs and drug-related AEs were grade 1 (mild) or grade 2 (moderate). In the laboratory measurements, elevations related to the PD effects were observed. No other clinically meaningful changes were observed in the mean values. Vital signs showed slight changes from baseline in all patients, but no clear tendencies were observed. In the 12-lead ECG, renal ultrasound, and chest X-ray, no shifts from normal to abnormal levels after treatment were observed. Furthermore, no signs of nephrocalcinosis or its worsening were observed after treatment. One patient in cohort 1 tested positive for anti-drug binding antibodies before treatment and on day 50 but was negative for anti-drug neutralizing antibodies at both time points. No AEs were reported in patients who were positive for anti-drug binding antibodies. No serious AEs, deaths, AEs leading to study discontinuation, or other significant AEs were observed. Therefore, the safety and tolerability of burosumab after a single s.c. administration at up to 1.0 mg/kg in patients with XLH in Japan and Korea was evaluated and showed promise.
Discussion
In this study, burosumab was administered for the first time to Japanese and Korean patients with XLH, and we confirmed that serum burosumab levels increased dose dependently. In all patients, serum P levels, 1,25(OH) 2 D 3 levels, and TmP/GFR increased. After burosumab administration, serum P levels peaked on day 5 to day 15 and never exceeded the upper limit of normal (4.5 mg/dL). These findings suggest that phosphate wasting is improved by neutralizing the effect of FGF23. No remarkable increase or decrease in the corrected Ca or iPTH levels was observed, and no other clinically significant AEs occurred.
Although the PK data in this study differed slightly from those obtained in a single-dose study in the United States, (15) the differences were minor. Furthermore, no differences were observed in patient demographics such as weight and body mass index, as well as serum P or iFGF23 levels, between this study and a single-dose study in the United States. (15) Therefore, the differences may be attributed to the limited sample size in this study and intraindividual variability. (15) The PD markers in this study, such as serum P, 1,25(OH) 2 D 3 , TmP/GFR, Ca, and iPTH levels, were not markedly different from those obtained in the single-dose study in the United States. (15) No AEs characteristic of Asians occurred, and these findings indicate that there was no marked racial difference in the PK, PD, or safety of burosumab.
The clinical study of burosumab administered as a repeated s.c. dose every 28 days in the United States and Canada has shown that burosumab continuously improved serum P levels without causing rapid changes in the levels and did not change serum Ca levels significantly. (16) Given that this first-in-Asian phase I study indicated no marked racial difference in the PK, PD, and safety of a single dose of burosumab, the results suggest that repeated doses of burosumab may sustain serum P levels without rapid changes and without changing serum Ca levels in Japanese and Korean patients, as has been shown in patients in the United States and Canada.
These findings suggest that adverse reactions such as renal calcification and secondary hyperparathyroidism, resulting from rapid changes in serum P and Ca levels, are unlikely to occur with burosumab treatment. Furthermore, it is anticipated that burosumab will normalize serum P levels continuously, and because burosumab improves phosphate wasting, treatment may improve osteomalacia-related symptoms, physical function, and QOL. However, evaluation of the safety profile in this study is constrained by the short duration of assessment and the limited endpoints of PD markers. Further verification of the safety and efficacy of burosumab is required, including an evaluation of its long-term safety and the establishment of appropriate endpoints for osteomalacia-related symptoms, physical function, and QOL.
In conclusion, this study confirmed that burosumab increased serum P levels, 1,25(OH) 2 D 3 levels, and TmP/GFR in Japanese and Korean patients with XLH. The positive effects and acceptable safety profile observed in this burosumab study are encouraging for Japanese and Korean patients with XLH.
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